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I INTRODUCTION 
Th i s  s i x t h  Q u a r t e r l y  Technical Summary Report  d e s c r i b e s  work con- 
duc ted  f o r  t h e  Na t iona l  Aeronautics and Space Adminis t ra t ion  under Task 
Order NASr-49(13) dur ing  t h e  c o n t r a c t u a l  pe r iod  December 1, 1964 t o  
February  28, 1965. The program i s  monitored by t h e  A m e s  Research C e n t e r  
U&S - >-sass' of NASA. 
The o b j e c t i v e  of t h i s  s tudy  of c r o s s l i n k e d  poly(methy1 m e t h a c r y l a t e )  
(PMMA) polymers is t o  o b t a i n  informat ion  on t h e  behavior  of c r o s s l i n k e d  
polymers i n  space environments.  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  degrada- 
t i v e  changes i n  s t r u c t u r e  which take  p l a c e  i n  vacuo a t  e l e v a t e d  tempera- 
t u r e s ,  t h e  k i n e t i c s  a s s o c i a t e d  with t h e  deg rada t ion  p r o c e s s ,  and t h e  in -  
f l u e n c e  of t h e  deg rada t ive  changes on t h e  mechanical p r o p e r t i e s  of t h e  
polymer . 
-- 
During t h e  r e p o r t  p e r i o d ,  t e n s i l e  s t r e s s - s t r a i n  da t a  were ob ta ined  
on t h e  new P o l y c a s t  Corpora t ion  samples a t  165 and 185OC, and a new com- 
p u t e r  program was w r i t t e n  t o  analyze t h e s e  d a t a .  
The cont inuous  and i n t e r m i t t e n t  s t r e s s  r e l a x a t i o n  was measured on 
unc ross l inked  PMMA and on two of t h e  more h i g h l y  c r o s s l i n k e d  samples a t  
t empera tu res  between about 170 and 225OC, bo th  i n  a i r  and i n  vacuum. 
To o b t a i n  a n  e s t i m a t e  of the  degree  of c r o s s l i n k i n g  and t o  cha rac -  
t e r i z e  f u r t h e r  t h e  samples, swe l l ing  measurements were c a r r i e d  o u t  i n  
two s o l v e n t s .  
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I1 TENSILE STRESS-STRAIN CHARACTERISTICS OF 
UNCROSSLINKED AND CROSSLINKED PMMA 
During t h e  p rev ious  r e p o r t  pe r iod ,  I n s t r o n  tes ts  were conducted a t  
145OC a t  c rosshead  speeds of 20 ,  1 0 ,  5 ,  2 ,  1, 0 . 5 ,  0 . 2 ,  and 0 . 1  inches /  
minute .  S i m i l a r  runs  a t  165 and 185OC were c a r r i e d  o u t  d u r i n g  t h e  c u r r e n t  
p e r i o d .  The l o t s  t e s t e d  were 1, 2 ,  3, 4 ,  5 ,  9 ,  11, and 12. Lot 9 i s  
a n o t h e r  sample of unc ross l inked  PMMA, i d e n t i c a l  w i t h  Lot 1, and was sub- 
s t i t u t e d  f o r  Lot 10  because of an e r r o r  i n  l a b e l i n g  on t h e  p a r t  of t h e  
manufac turer .  Subsequent ly ,  r i n g s  have been c u t  from Lot 10 and w i l l  be 
t e s t e d  du r ing  t h e  nex t  r e p o r t  per iod .  
The i n s t a l l a t i o n  of a Burroughs 5500 computer a t  t h e  I n s t i t u t e  
r e q u i r e d  w r i t i n g  of a new program f o r  d e r i v i n g  s t r e s s - s t r a i n  da t a  from 
t h e  I n s t r o n  t r a c e s .  The new program c o n t a i n s  two major improvements: 
(1) Specimen dimensions a r e  now c a l c u l a t e d  a t  t e s t  t empera tu re ,  u s i n g  
t h e  thermal expansion c o e f f i c i e n t  of s p e c i f i c  volume. ( 2 )  The ( ave rage )  
s t r a i n  g i s  now c a l c u l a t e d  from t h e  exac t  equat ion’  
D -D 
- -  
where AL i s  t h e  c rosshead  displacement and D 
i n n e r  d iameters  of t h e  r ings .*  P rev ious ly  t h e  second t e r m  on t h e  r i g h t -  
hand-s ide  of Eq. (1) was omi t ted .  
minor bu t  t hey  improve t h e  accuracy of t h e  d a t a .  
and Di a r e  t h e  o u t e r  and 
0 
The c o r r e c t i o n s  now incorpora t ed  a r e  
Analys is  of t h e  d a t a  revea led  t h a t  Lots No. 4 ,  5 ,  and 12 a r e  t o o  
h i g h l y  c r o s s l i n k e d  f o r  I n s t r o n  t e s t i n g  us ing  t h e  r i n g  method. They w i l l  
be  e l imina ted  from f u t u r e  runs  planned a t  s e v e r a l  supplementary tempera- 
t u r e s .  P l o t s  of t h e  d a t a  w i l l  be made a f t e r  completion of t h e  t e s t s .  
*Equation IV-9 of Ref.  1 con ta ins  an  
t e r m  on t h e  r i g h t  of t h e  equat ion .  
e r roneous  f a c t o r  of 112 i n  t h e  second 
2 
111 STRESS RELAXATION 
The cont inuous and i n t e r m i t t e n t  stress r e l a x a t i o n  was determined on 
uncross l inked  PMMA (Lot l), and on Lots  2 and 3 ,  c r o s s l i n k e d  w i t h  e t h y l e n e  
g l y c o l  d imethacry la te  (EDMA).* The t e s t s  w e r e  c a r r i e d  o u t  bo th  i n  a i r  and 
i n  vacuum. 
A .  Experimental  Procedure 
Experiments under vacuum were c a r r i e d  o u t  i n  t h e  vacuum re laxometer  
d e s c r i b e d  i n  previous r e p o r t s .  T e s t s  under a tmospheric  c o n d i t i o n s  were 
made i n  a m o d i f i c a t i o n  of a n  appara tus  d e s c r i b e d  i n  d e t a i l  elsewhere. '  
S i n c e  t h e  experimental  procedures used  w i t h  b o t h  ins t ruments  have now 
been w e l l  e s t a b l i s h e d ,  t h e y  a r e  d e t a i l e d  i n  t h i s  section f o r  convenience.  
P r e v i o u s l y ,  r e c t a n g u l a r  s t r i p  specimens about 4 c m  l o n g  and 0.5 e m  
wide were used.  D i f f i c u l t y  was encountered i n  mounting t h e s e  specimens 
wi thout  e x e r t i n g  f o r c e s  on t h e  load c e l l s  a t  t h e  beginning  of a run .  
Because t h e  specimens were h e l d  r i g i d l y  between t h e  clamp on t h e  l o a d  
c e l l  and t h e  clamp on t h e  extending r o d ,  thermal  expansion caused a 
d e f l e c t i o n  of t h e  l o a d  c e l l  beams b e f o r e  a run was begun. Although t h e  
l o a d  c e l l s  a r e  temperature-compensated a s  w e l l  a s  p o s s i b l e ,  t h e r e  i s  
s t i l l  a s u b s t a n t i a l  r e s i d u a l  unbalance over  l a r g e  temperature  ranges .  
The e f f e c t  of t h i s  thermal ly  induced change i n  t h e  z e r o  p o i n t  combined 
w i t h  t h a t  from t h e  b r i d g e  unbalance caused by expansion of t h e  specimen, 
and t h e r e  was no r e l i a b l e  means t o  s e p a r a t e  t h e  t w o  e f f e c t s .  Another 
d i f f i c u l t y  w i t h  t h e  s t r i p  specimens was t h e i r  tendency t o  break n e a r  t h e  
lower clamp d u r i n g  a run.  
*Because of a n  error i n  t h e  value s u p p l i e d ,  t h e  amount of c r o s s l i n k e r  i n  
Lot 2 and Lot 10 was erroneously s t a t e d  i n  Table  I of t h e  prev ious  r e p o r t .  
The correct amount i s  0.25$ w/w. 
t i v e  c h a i n s  p e r  cc i s  given i n  Table  I1 of t h i s  r e p o r t .  
The c o r r e c t e d  number of moles of e f f e c -  
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The problems of specimen f a i l u r e  and thermal  d r i f t  were bo th  remedied 
by modifying t h e  re laxometer  t o  accommodate r i n g  specimens. Specimens 
used had an o u t s i d e  d iameter  of about 1.185 inches ,  an  i n s i d e  d iameter  of 
about 1.075 inches ,  and a th i ckness  of about 0.036-0.040 inch .  The r i n g s  
a r e  no t  mounted r i g i d l y  bu t  a r e  suspended between mandrels a t t a c h e d  t o  
t h e  load  c e l l s  and e x t e n s i o n  rods a t  each s t a t i o n .  The specimens a r e  
mounted so t h a t  a t  ambient temperature they  hang over  t h e  upper mandrel 
(on t h e  ex tens ion  r o d )  and j u s t  t o u c h  (bu t  e x e r t  no f o r c e  upon) t h e  lower 
mandrel ( a t t a c h e d  t o  t h e  load  c e l l ) .  
reached  a t  t h e  t e s t  t empera ture ,  t h e  r i n g  hangs f r e e l y  over t h e  upper  
mandrel,  b u t  it no longe r  touches t h e  lower mandrel because t h e  expansion 
c o e f f i c i e n t  of t h e  specimen is g r e a t e r  than  t h o s e  of t h e  me ta l s  of which 
t h e  appa ra tus  i s  c o n s t r u c t e d .  The thermal  d r i f t  of t h e  load  c e l l  i s  now 
r e a d i l y  ba lanced  o u t  b e f o r e  t h e  r i n g  i s  extended. Both t h e  accuracy  and 
r e p r o d u c i b i l i t y  of f o r c e  measurements have been g r e a t l y  improved by t h i s  
procedure ,  and t h e  r ings  have seldom been observed t o  f a i l  a t  t h e  clamps. 
When thermal equ i l ib r ium has been 
1. Atmospheric T e s t s  
The appa ra tus  used f o r  s t u d i e s  i n  a i r  a t  a tmospher ic  p r e s s u r e  con- 
t a i n s  two load  c e l l s  mounted a t  the  bottom of t h e  appa ra tus  framework. 
Above each load  c e l l  an  ex tens ion  rod  runs  through t h e  t o p  of t h e  f r a n e -  
work t o  a d j u s t a b l e  s t o p s  and a take-up mechanism c o n s i s t i n g  of a rack-  
and-pinion d r i v e n  by a worm g e a r .  The specimen r i n g  i s  suspended between 
mandrels a t t a c h e d  t o  t h e  ex tens ion  rods  and l o a d  c e l l s .  Turning t h e  worm 
g e a r  w i th  a hand crank  ex tends  the r i n g s .  The framework may be  removed 
from t h e  h e a t i n g  chamber f o r  sample i n s t a l l a t i o n .  The output  of t h e  l e f t  
l o a d  c e l l  i s  run t o  a Brown reco rde r  having a 1 mv f u l l - s c a l e  i n p u t .  The 
r i g h t  l oad  c e l l  ou tpu t  is measured wi th  a Rubicon po ten t iome te r .  
Before  a run  t h e  load  c e l l s  a r e  c a l i b r a t e d  us ing  known weights .  
The specimens a r e  mounted, and the s t o p s  a r e  a d j u s t e d  t o  g ive  t h e  d e s i r e d  
e x t e n s i o n .  The chamber is preheated t o  t h e  t e s t  t empera ture  and t h e  
a p p a r a t u s  wi th  mounted specimens i s  i n s t a l l e d .  About 30 minutes i s  
r e q u i r e d  f o r  t h e  samples and appara tus  t o  r each  thermal  equ i l ib r ium a t  
t h e  t e s t  t empera tu re .  
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The l e f t  specimen i s  then  extended r e l a t i v e l y  s lowly  (over a per iod  
of 10-15 s e c )  u s ing  t h e  hand crank whi le  t h e  f o r c e  i s  monitored on t h e  
Brown r e c o r d e r .  
I n t e r m i t t e n t  measurements a re  begun on t h e  r i g h t  specimen a s  soon 
a s  p o s s i b l e  a f t e r  t h e  cont inuous  measurement i s  under way. The specimen 
i s  extended i n  t h e  same way a s  the l e f t  specimen and t h e  l o a d - c e l l  ou tpu t  
i s  measured wi th  t h e  poten t iometer .  The specimen i s  r e t u r n e d  t o  i t s  ze ro -  
s t r a i n  c o n f i g u r a t i o n  about 15 s e c  a f t e r  b e i n g  ex tended .  Temperature i s  
measured p e r i o d i c a l l y  wi th  a thermocouple p l aced  between t h e  specimens. 
2 .  T e s t s  Under Vacuum 
T e s t s  a r e  c a r r i e d  ou t  i n  t h e  vacuum re laxometer  acco rd ing  t o  t h e  
fo l lowing  procedure :  Immediately be fo re  a run ,  each  of t h e  t h r e e  l o a d  
c e l l s  i s  c a l i b r a t e d  a t  ambient temperature by hanging a known weight on 
t h e  end of t h e  beam and n o t i n g  the pen d e f l e c t i o n  on t h e  Offner  r e c o r d e r .  
The specimens a r e  c leaned  w i t h  a c o t t o n  swab s a t u r a t e d  w i t h  e t h a n o l  t o  
remove s u r f a c e  contaminants ,  t hen  weighed and mounted i n  t h e  r e l axomete r .  
The metal  cover  is p laced  over  the  re laxometer  and t h e  chamber i s  evacu- 
a t e d  f o r  s e v e r a l  hours ( u s u a l l y  ove rn igh t )  b e f o r e  a run  i s  made. 
The the rmos ta t t ed  molten s a l t  b a t h  i n  which t h e  vacuum chamber i s  
t o  be  immersed i s  p rehea ted  t o  20-40 degrees  above t h e  t es t  tempera ture .  
The run  i s  begun by r a i s i n g  t h e  ba th  around t h e  chamber, which then  ab- 
s o r b s  h e a t  and lowers  t h e  b a t h  tempera ture .  When t h e  b a t h  has  cooled  t o  
t h e  run  tempera ture  t h e  thermoregula tor  is  s e t  and t h e  specimen tempera ture  
i s  monitored c l o s e l y  u n t i l  i t  i s  c o n s t a n t  w i t h i n  a tempera ture  range equal  
t o  t h e  c o n t r o l  range  of t h e  thermoregula tor .  The e l a p s e d  t ime from i m -  
mersion of t h e  vacuum chamber u n t i l  thermal e q u i l i b r a t i o n  of the specimens 
has been achieved is  from 1-1/2 t o  2 hours.  
P r e s s u r e  i n  t h e  chamber i n c r e a s e s  when t h e  t empera tu re  i s  r a i s e d  t o  
t h e  t e s t  t empera ture ;  i t  t h e n  decreases  con t inuous ly  d u r i n g  t h e  remainder 
of t h e  run .  The maximum pres su re  r ead  on t h e  P i r a n i  gauge is  t y p i c a l l y  
10-15 p (immediately a f t e r  immersion) and dec reases  r a p i d l y  t o  3-5 p by 
t h e  t i m e  t h e  samples have come t o  thermal e q u i l i b r i u m .  F u r t h e r  dec reases  
t o  0.1-1 IJ. a r e  t y p i c a l .  
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A t  t h e  beginning of a run the c e n t e r  specimen is  extended s lowly 
(over  a per iod  of 10-20 sec)  u n t i l  t h e  d e s i r e d  stress or s t r a i n  i s  achieved ,  
and t h e  exac t  ex tens ion  is  measured wi th  a ca the tometer .  The thumbscrews 
on t h e  d a t a  b a r  a r e  t i g h t e n e d ,  thus l i m i t i n g  t h e  e x t e n s i o n  of t h e  remaining 
specimens t o  an amount equal  t o  t h a t  of t h e  c e n t e r  specimen. The specimen 
which i s  t o  be s t r e s s e d  cont inuously ( u s u a l l y  t h e  one mounted a t  t h e  l e f t  
l o a d  c e l l )  i s  t h e n  extended r a p i d l y  ( i n  < 0.1 s e c )  by t h e  p r e s e t  amount, 
and t h e  f o r c e  i s  recorded cont inuously u n t i l  i t  e i t h e r  i s  c o n s t a n t  or 
changes s lowly  w i t h  t i m e ,  
I n t e r m i t t e n t  measurements on t h e  remaining specimen a r e  begun w i t h i n  
a few minutes a f t e r  t h e  continuous measurement is s t a r t e d .  These a r e  
made by ex tending  t h e  specimen r a p i d l y  by  t h e  p r e s e t  amount, ho ld ing  it  
i n  t h e  extended p o s i t i o n  f o r  a s h o r t  t i m e  whi le  measuring t h e  f o r c e  on 
t h e  r e c o r d e r ,  t h e n  r e t u r n i n g  t h e  specimen t o  i t s  i n i t i a l  u n s t r e s s e d  pos i -  
t i o n ,  I n t e r m i t t e n t  measurements a r e  r e p e a t e d  f o r  t h e  remainder of t h e  run 
a t  approximately equal  logar i thmic  e l a p s e d  t i m e  i n t e r v a l s .  Force measure- 
ments f o r  t h e  cont inuous ly  extended specimen a r e  obta ined  s imul taneous ly  
by  u s i n g  t h e  second channel of t h e  r e c o r d e r .  
During t h e  course  of a run  t h e  t a n p e r a t u r e  of s i x  thermocouples in -  
s i d e  t h e  chamber i s  checked p e r i o d i c a l l y ,  g i v i n g  b o t h  t h e  d i s t r i b u t i o n  
of tempera tures  over  t h e  chamber and t h e i r  change w i t h  t i m e .  Repeated 
checks of t h e  d i s t r i b u t i o n ,  i n c l u d i n g  measurements w i t h  one thermocouple 
touching  one of t h e  metal  ex tens ion  r o d s ,  showed t h e  chamber temperature  
t o  be  uniform w i t h i n  less t h a n  one degree .  
3 .  Data Reduction 
Although t h e  r e l a t i v e  p o s i t i o n s  of t h e  l o a d  c e l l  mandrel and exten-  
s i o n  rod mandrel a r e  known a c c u r a t e l y  a t  ambient tempera ture ,  and t h e  
amount of e x t e n s i o n  a t  run  temperature  i s  measured, d i f f e r e n t  thermal 
expansion c o e f f i c i e n t s  f o r  a l l  the  m a t e r i a l s  involved combined w i t h  r e l a -  
t i v e l y  h igh  l o a d  c e l l  compliance make a c c u r a t e  c a l c u l a t i o n  of t h e  s t r a i n  
d i f f i c u l t .  T h i s  i s  n o t  p r e s e n t l y  a s e r i o u s  problem, s i n c e  t h e  r e s u l t s  
a r e  expressed  a s  f o r c e  r e l a t i v e  t o  t h e  f o r c e  when t h e  specimen was 
f i r s t  extended f ( t ) / f  (0). 
i s  independent of s t r a i n  over  an extended range.  Methods f o r  c a l c u l a t i n g  
Several  workers114 have shown t h a t  f ( t ) / f  (0) 
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FIG. 1 CONTINUOUS AND INTERMITTENT STRESS 
RELAXATION OF CROSSLINKED 
PMMA IN AIR 
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t h e  a c t u a l  s t r a i n  from thermal expansion c o e f f i c i e n t s  of t h e  specimen 
and appa ra tus  and t h e  load  c e l l  compliance a r e  be ing  s t u d i e d .  For  t h e  
r e s u l t s  r epor t ed  h e r e ,  a l l  specimens were extended by t h e  same amount 
( a s  measured w i t h  a ca the tomete r )  a f t e r  coming t o  thermal  e q u i l i b r i u m .  
R e s u l t s  are ana lyzed  i n  s e v e r a l  s t e p s .  F i r s t  t h e  o u t s i d e  d iameter  
and weight of t h e  r i n g  are used t o  c a l c u l a t e  t h e  t h i c k n e s s  T and i n s i d e  
d iameter  of t h e  r i n g . 2  
t o  t h e  g l a s s  t r a n s i t i o n  temperature is c a l c u l a t e d  by means of 
Thermal expansion of t h e  specimen from ambient 
where L i s  any dimension of t h e  specimen (such a s  t h i c k n e s s  o r  d i ame te r )  
and t h e  s u b s c r i p t  r e f e r s  t o  t h e  t empera tu re ,  whi le  p is t h e  d e n s i t y ,  and 
fj is t h e  expansion c o e f f i c i e n t  of s p e c i f i c  volume below T . Once t h e  
dimensions a t  T are known, magnitudes a t  t h e  run  tempera ture  T are  
c a l c u l a t e d  from 
g 
g r 
where i s  t h e  expansion c o e f f i c i e n t  of s p e c i f i c  volume above T . 
g 
The c r o s s - s e c t i o n a l  a r e a  4 of t h e  sample a t  run  tempera ture  i s  
c a l c u l a t e d  from 
A = (Do - Di) T ,  (4) 
where Do and D .  are t h e  o u t s i d e  and i n s i d e  d iameters  of t h e  r i n g  
1 
Forces  e x e r t e d  on t h e  sample d u r i n g  a run  are  c a l c u l a t e d  from t h e  
re l a t i  on 
f = c s d ,  ( 5 )  
where f is  t h e  f o r c e ,  c i s  t h e  load c e l l  c a l i b r a t i o n  f a c t o r ,  s is t h e  
s e n s i t i v i t y  s e t t i n g  of t h e  recorder  and d i s  t h e  observed pen d e f l e c t i o n .  
The e n g i n e e r i n g  stress 5 may t h e n  be  determined from 
5 = f / A ,  
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but  r e s u l t s  a r e  more o f t e n  p l o t t e d  as f ( t ) / f ( o )  v s .  l o g  t ,  where f ( t )  i s  
t h e  f o r c e  a t  t i m e  t and f ( o )  is t h e  i n i t i a l  f o r c e .  
-
B .  R e s u l t s  
R e s u l t s  of a i r  runs  on Lot 2 a t  185OC, Lot 2 a t  2OO0C, and Lot 3 
0 a t  181 C a r e  shown i n  F i g .  1. Severa l  f e a t u r e s  a r e  immediately a p p a r e n t .  
F i r s t ,  t h e  f o r c e  decays from i t s  i n i t i a l  va lue  t o  z e r o  i n  a l l  t h r e e  cases. 
The rate of decay i s  f a s t e r  a t  h igher  t empera tu res ,  as a comparison of 
t h e  185 and 2OO0C runs  on Lot 2 shows. 
and i n t e r m i t t e n t  measurements a r e  almost i d e n t i c a l  w i t h i n  exper imenta l  
e r r o r .  Lot 3 ,  which is  more h ighly  c r o s s l i n k e d  than  Lot 2 ,  degrades more 
r a p i d l y  a t  a n e a r l y  equ iva len t  tempera ture .  
For Lot 3 a t  181°C,  t h e  cont inuous  
That e x t e n s i v e  deg rada t ion  occurred  w a s  a l s o  ev iden t  from t h e  
appearance of t h e  specimens a f t e r  a r u n ;  they  were s l i g h t l y  d i s c o l o r e d ,  
d i s t o r t e d ,  b r i t t l e ,  and f i l l e d  wi th  small  bubbles .  In  some cases 
specimens melted i n t o  a p i l e  which s t u c k  t o  t h e  lower mandrel.  Weight 
l o s s e s  cou ld  not be determined because of t h e  i m p o s s i b i l i t y  of c o l l e c t i n g  
a l l  of a specimen a f t e r  a run .  
The s t r a i n s  used f o r  t h e  runs shown i n  F i g .  1 are not  known 
a c c u r a t e l y  f o r  reasons  desc r ibed  i n  d e t a i l  i n  t h e  p rev ious  s e c t i o n .  
The runs  on Lot 2 were made a t  approximately 20% e x t e n s i o n ,  and t h e  
run  on Lot 3 a t  about 10% ex tens ion .  Other  a t t empt s  t o  make runs  a t  
h ighe r  s t r a i n s  showed t h a t  ex tending  t h e  specimen more than  20% i s  
l i k e l y  t o  cause  r u p t u r e  a t  e l eva ted  t empera tu res .  A specimen of Lot 3 
a t  185 C r u p t u r e d  s h o r t l y  a f t e r  be ing  extended 20%, as d id  a specimen 
of Lot 2 a t  2OO0C a f t e r  be ing  extended 60%. 
p r o p e r t y  d a t a  were no t  a v a i l a b l e  a t  t h e  beginning  of t h e  series of tes ts ,  
subsequent runs  i n  both  t h e  vacuum and a i r  re laxometer  were made a t  
n e a r l y  equa l  s t r a i n s  of about 10%. I n  t h i s  way,  stress r e l a x a t i o n  d a t a  
a t  comparable s t r a i n s  cou ld  be obtdined a t  d i f f e r e n t  tempera tures  f o r  
specimens having  d i f f e r e n t  c r o s s l i n k  d e n s i t i e s .  
0 
A s  d e t a i l e d  u l t i m a t e  
The r e s u l t s  of cont inuous  and i n t e r m i t t e n t  measurements i n  vacuum 
on Lot 1 (unc ross l inked  PMMA) a t  t h r e e  tempera tures  a r e  p l o t t e d  as 
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f ( t ) / f ( o )  v s .  l o g  t i n  F i g .  2 .  A s  one would e x p e c t ,  t h e  stress r e l a x e s  
more r a p i d l y  a t  h i g h e r  temperatures i n  t h e  cont inuous  mode. The rise i n  
f ( t ) / f ( o )  w i t h  an  i n c r e a s e  i n  t i m e  i n  t h e  i n t e r m i t t e n t  mode is  unexpected 
and appea r s  t o  r e f l e c t  s t r u c t u r a l  changes i n  the  m a t e r i a l .  These changes 
a r e  observed even a t  t h e  lowest temperature of measurement, 171.OoC. 
An a t tempt  w a s  made t o  p l o t  t h e  continuous measurements as l o g  o ( t )  
v s .  l o g  t ,  supe rpos ing  t h e  r e s u l t s  a t  t h e  t h r e e  tempera tures  i n  t h e  
customary way. This  was not success fu l  probably because of t h e  s t r u c -  
t u r a l  changes i n d i c a t e d  by t h e  i n t e r m i t t e n t  measurements, a l though t h e  
e f f e c t  of some d i f f e r e n c e s  i n  t h e  s t r a i n s  f o r  t h e  t h r e e  runs  cannot be 
r u l e d  o u t .  
-
-
Figure  3 g ives  t h e  r e s u l t s  of measurements on Lots 2 and 3 ,  bo th  
of which a r e  c r o s s l i n k e d  w i t h  EDMA. The most s t r i k i n g  f e a t u r e  of t h e s e  
runs is t h e  l a c k  of any apprec iab le  stress decay a t  times up t o  about 
1000 minutes (17 hour s )  or t empera tures  up t o  about 225 C .  Both 
cont inuous  and i n t e r m i t t e n t  measurements remain n e a r l y  c o n s t a n t  over  
a r u n ,  c o n t r a s t i n g  markedly wi th  the  measurements i n  a i r ,  where complete 
decay of t h e  stress was observed over a s imi l a r  t i m e  p e r i o d .  I n  t h e  
s i n g l e  case  (Lot 2 a t  227 C )  where measurements were extended apprec iab ly  
beyond 1000 minutes ,  bo th  cont inuous ly  and i n t e r m i t t e n t l y  s t r e s s e d  
samples showed d e f i n i t e  s i g n s  of decay. However, i n  a d d i t i o n  t o  having  
t h e  longes t  d u r a t i o n ,  t h i s  run was made a t  t h e  h ighes t  t empera ture  s o  
f a r  a t t empted .  
0 
0 
Both cont inuous  and i n t e r m i t t e n t  measurements on Lot 3 a t  a l l  
t h r e e  t empera tu res  e i t h e r  remain cons t an t  or i n c r e a s e  s l i g h t l y  wi th  
t i m e .  An a c t u a l  i n c r e a s e  i n  t h e  f o r c e  on a cont inuous ly  s t r a i n e d  
sample i s  imposs ib l e ,  and t h e  apparent  s l i g h t  i n c r e a s e  is a t t r i b u t e d  
t o  d r i f t  i n  t h e  r e c o r d e r  b a s e l i n e .  Two s o l u t i o n s  t o  t h i s  problem 
a r e  be ing  cons ide red :  New po ten t iome te r s  i n  t h e  br idge-ba lanc ing  
c i r c u i t  and an  improved layout  of a l l  b r idge  components e x t e r n a l  t o  
t h e  appa ra tus  i t s e l f .  A l so ,  i n  f u t u r e  runs  t h e  cont inuous ly  s t r e s s e d  
specimen may be r e l e a s e d  p e r i o d i c a l l y  t o  a l low d i r e c t  obse rva t ion  of 
t h e  t r u e  b a s e l i n e .  
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The s l i g h t  i n c r e a s e  i n  t h e  f o r c e  r a t i o s  f o r  i n t e r m i t t e n t  measure- 
ments is probably r e a l ,  s i n c e  by t h e  n a t u r e  of t h e  measurement t h e  base- 
l i n e  i s  observed each  t i m e  a point is t aken .  
Despi te  t h e  appa ren t  l a c k  of stress decay a t  tempera tures  s o  f a r  
i n v e s t i g a t e d ,  t h e  specimens do show some weight l o s s  a f t e r  a r u n .  The 
r e l a t i v e  amount of l o s s  v a r i e s  with both  tempera ture  and d u r a t i o n  of a 
r u n ,  as shown i n  Table  I .  
TABLE I 
TYPICAL SPECIMEN WEIGHT LOSSES I N  THE VACUUM RELAXOMETER 
Sample 
~ 
Approximate 
(hour s )  
Duration of run  
22 
21 
21  
124 
18 
Ave r age 
Percent  dec rease  
4 . 1  
6 . 7  
6 .9  
26.9 
14 .0  
I n  c o n t r a s t  t o  t h e  a i r  r u n s ,  samples  used i n  vacuum runs  w e r e . o n l y  
ve ry  s l i g h t l y  d i s c o l o r e d  and gave l i t t l e  appearance of deg rada t ion .  
A t  h ighe r  t empera tu res ,  small bubbles were d i s c e r n i b l e  i n  t h e  specimen. 
C.  Conclusions and P l a n s  f o r  Fu tu re  Work 
Work so  f a r  has  i n d i c a t e d  q u i t e  c l e a r l y  t h a t  t h e  thermal degrada- 
t i o n  of PMMA is s t a b i l i z e d  by c r o s s l i n k i n g  and by vacuum. Grassie and 
M e l v i l l e  s t u d i e d  t h e  thermal degrada t ion  of EDMA-crosslinked and 
unc ross l inked  PMMA i n  vacuo by measuring t h e  flow rates of t h e  evolved  
monomer i n  t h e  gas phase ,  and concluded t h a t  deg rada t ion  was a t r u e  
depolymer iza t ion  r e a c t i o n  ("unzipping"). For c r o s s l i n k e d  INMA they  
cons ide red  t h r e e  p o s s i b l e  mechanisms: ( 1 )  I n i t i a t i o n  occurs  a t  t h e  
ends  of c h a i n s  but  proceeds  only as f a r  as t h e  f i r s t  c r o s s l i n k  i n  each  
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c h a i n ;  ( 2 )  unz ipping  proceeds pas t  c r o s s l i n k s  a long  t h e  main c h a i n ,  
i . e . ,  without propagat ion  of t h e  depolymerization through t h e  EDMA 
molecule ;  (3) when depolymer iza t ion  r eaches  a c r o s s l i n k  it  proceeds 
n o t  only a l o n g  t h e  main c h a i n  but  is a l s o  propagated t o  t h e  a d j a c e n t  
c h a i n  . 
Thei r  exper iments  i n d i c a t e d  t h a t  t h e r e  w a s  no e s s e n t i a l  d i f f e r e n c e  
i n  t h e  ra tes  measured on c r o s s l i n k e d  or uncross l inked  PMhfA, and t h a t  
t h e r e f o r e  t h e  deg rada t ion  i n  c r o s s l i n k e d  PMMA fo l lowed mechanism (2).  
They a l s o  found t h a t  t h e  degree of c r o s s l i n k i n g  had no e f f e c t  on t h e  
rates.  
Our exper iments  i n  a i r  i n d i c a t e  t h a t  t h e  degree  of c r o s s l i n k i n g  
might have a n  e f f e c t  on t h e  ra te  of chemical stress r e l a x a t i o n .  The 
tests i n  vacuo are inadequate  a t  t h i s  s t a g e  t o  dec ide  t h i s  q u e s t i o n .  
However, t h e  f a c t  t h a t  d e f i n i t e  (and a t  t h e  h i g h e r  tempera tures  q u i t e  
s u b s t a n t i a l )  weight l o s s e s  occurred wi thout  imparing t h e  specimens 
a b i l i t y  t o  suppor t  stress, i n d i c a t e s  t h a t  deg rada t ion  might proceed 
acco rd ing  t o  mechanism ( 1 ) .  The observed behavior  is  c o n s i s t e n t  w i t h  
t h e  assumption t h a t  depolymer iza t ion  l e a v e s  t h e  e s s e n t i a l  network i n t a c t  
u n t i l  t h e  so l  f r a c t i o n  (unc ross l inked  c h a i n s )  and a l l  l oose  ends are  
e l i m i n a t e d .  C r o s s l i n k s  might t h e r e f o r e  impose a n  energy b a r r i e r  t o  t h e  
depolymer iza t ion  r e a c t i o n .  
An e s s e n t i a l  d i f f e r e n c e  between t h e  vacuum experiments of 
Grassie and M e l v i l l e  and ours might be i n  t h e  p a r t i a l  oxygen p r e s s u r e s  
ach ieved .  The B r i t i s h  workers did not s t a t e  t h e  degree  of t h e i r  vacuum. 
The p a r t i a l  p r e s s u r e  of oxygen in  o u r  tests w a s  of t h e  o r d e r  of 0 .3  
t o  1 . 0  x 10-6atm. I t  is i n t e r e s t i n g  t o  n o t e  i n  t h i s  r ega rd  t h a t  
Tobolsky, working w i t h  su l fu r - cu red  r u b b e r s ,  found that t h e  oxygen 
p r e s s u r e  had t o  be  below about 10-4 a t m .  b e f o r e  t h e  ra te  of stress 
r e l a x a t i o n  w a s  markedly diminished. 
The p a r t i a l  p r e s s u r e  of oxygen i n  t h e  vacuum re laxometer  may 
a c t u a l l y  be lower t h a n  t h a t  c a l c u l a t e d  from t h e  t o t a l  p r e s s u r e ,  s i n c e  
the copper hous ing  may scavenge oxygen. A run  u s i n g  a g l a s s  housing 
jar  i n s t e a d  of t h e  copper can i s  planned t o  de te rmine  i f  t h i s  is t h e  case. 
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A f u r t h e r  p o s s i b i l i t y  i s  t h a t  some m a t e r i a l  i n  t h e  specimen which 
c a t a l y z e s  deg rada t ion  i s  outgassed  i n  t h e  pe r iod  d u r i n g  which t h e  
specimens come t o  thermal equ i l ib r ium.  A run  i n  a helium atmosphere 
i s  planned t o  see i f  t h e  absence of a vacuum on t h e  specimen a t  any 
t i m e  i n  i t s  h i s t o r y  has  a n  e f f e c t  on t h e  ra te  of deg rada t ion .  The 
helium w i l l  be main ta ined  a t  a p re s su re  s l i g h t l y  above a tmospher ic  t o  
prevent  e n t r y  of a i r  i n t o  t h e  system. 
A f t e r  t h e  runs  i n  t h e  g l a s s  housing and i n  a helium atmosphere 
have been completed,  runs w i l l  be made a t  t h e  upper tempera ture  l i m i t  
of t h e  appa ra tus  t o  see i f  more r ap id  deg rada t ion  can  be induced. 
Two improvements i n  d a t a  a n a l y s i s  are i n  p r o g r e s s .  A computer 
program i s  be ing  w r i t t e n  t o  do a l l  c a l c u l a t i o n s ,  and methods are  be ing  
s t u d i e d  f o r  c a l c u l a t i n g  t h e  s t r a i n  on a specimen from t h e  expansion 
c o e f f i c i e n t s  of t h e  specimen and the  expansion c o e f f i c i e n t s  of t h e  
materials of which t h e  a p p a r a t u s  is c o n s t r u c t e d .  I f  a s a t i s f a c t o r y  
method of c a l c u l a t i n g  s t r a i n  can be found i t  w i l l  be inco rpora t ed  i n t o  
t h e  computer program. 
New po ten t iome te r s  w i l l  be added t o  t h e  s t r a i n  b r idge  c i r c u i t r y  
t o  improve i t s  s t a b i l i t y .  These w i l l  be inco rpora t ed  i n t o  a n  improved 
l ayou t  of a l l  o t h e r  b r i d g e  components e x t e r n a l  t o  t h e  s t r a i n  gauges 
themselves .  
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I V  SWELLING MEASUREMENTS 
A s  an independent q u a n t i t a t i v e  measure of t h e  e x t e n t  of c r o s s l i n k i n g ,  
s w e l l i n g  measurements were c a r r i e d  o u t  on samples of Lots  2 ,  3, 4 ,  and 5 ,  
a l l  c r o s s l i n k e d  w i t h  E D M A ,  and Lots 11 and 1 2 ,  c r o s s l i n k e d  w i t h  HDMA.. 
Measurements on Lot 10 a r e  under way. Two s o l v e n t s  w e r e  used:  1 , 2 -  
d i c h l o r o e t h a n e  and chloroform. 
The experimental  procedure was s l i g h t l y  d i f f e r e n t  f o r  t h e  t w o  sol-  
v e n t s .  For dichloroe thane  a sample was f i r s t  weighed, t h e n  p laced  i n  
about  100 ml of s o l v e n t  a t  room temperature .  The s o l v e n t  was changed 
s e v e r a l  times d u r i n g  a r u n ,  which was cont inued u n t i l  t h e  sample came 
t o  c o n s t a n t  weight .  Measurements could n o t  be  made by immersing t h e  
sample d i r e c t l y  i n  chloroform,  s ince  t h i s  caused t h e  sample t o  break up. 
I n s t e a d  t h e  specimen was weighed, p laced  f o r  about a n  hour i n  r e f l u x i n g  
n-butyl a c e t a t e ,  t h e n  p laced  i n  n-butyl a c e t a t e  a t  25OC. The sample of 
Lot 3 r e c e i v e d  a s l i g h t l y  d i f f e r e n t  t rea tment  i n  t h a t  i t  was l e f t  i n  
r e f l u x i n g  n-butyl  a c e t a t e  f o r  about 24 hours .  
A f t e r  s t a n d i n g  about  5 days i n  n-butyl a c e t a t e ,  a sample was t r a n s -  
f e r r e d  t o  chloroform and t h e  same procedure was used a s  f o r  t h e  d i c h l o r o -  
e t h a n e .  A f t e r  coming t o  c o n s t a n t  weight i n  t h e  s o l v e n t ,  t h e  samples 
were d r i e d  t o  c o n s t a n t  weight i n  a vacuum oven a t  130-165OC. 
was c a l c u l a t e d  
'e 9 The number of moles of network c h a i n s  p e r  cc ,  
from5 
where xl i s  t h e  thermodynamic s o l v e n t - s o l u t e  i n t e r a c t i o n  parameter ,  VI 
i s  t h e  volume of s o l v e n t ,  vp t h e  volume of s o l u t e ,  and g i s  t h e  g e l  f r a c -  
t i o n .  
The r e s u l t s  of t h e  measurements a r e  presented  i n  Table  I1 where t h e  
v a l u e s  c a l c u l a t e d  from t h e  amount of c r o s s l i n k e r  a r e  l i s t e d  f o r  comparison. 
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Lot 
N o .  
- 
2 
3 
4 
5 
11 
12 - 
They were ob ta ined  from t h e  moles/gram d a t a  i n  Table  I of t h e  prev ious  
r e p o r t  by mul t ip ly ing  by t h e  d e n s i t y ,  p = 1.18. 
The x1 d a t a  f o r  t h e  t w o  so lven t s  were t aken  from t h e  l i t e r a t u r e . 6  
The d i f f e r e n c e  between t h e  two sets of va lues  obta ined  i n  t h e  t w o  sol-  
v e n t s  i s  probably due t o  t h e  inherent  d i f f i c u l t y  of o b t a i n i n g  r e l i a b l e  
e s t i m a t e s  of t h e  i n t e r a c t i o n  parameter .  The c r o s s l i n k  d e n s i t i e s  determined 
i n  t h i s  way a r e  from 1.5 t o  5 t imes h ighe r  t han  those  c a l c u l a t e d  from t h e  
amount of c r o s s l i n k e r  assuming 100% e f f i c i e n c y .  
l i n k  d e n s i t i e s  from pre l iminary  s t r e s s - s t r a i n  d a t a  f o r  two samples sup- 
po r t ed  t h e  h igher  va lues .  
Ca lcu la t ion  of t h e  c ros s -  
Table I1 
SWELLING MEASUREMENTS ON CROSSLINKED PMMA 
Cross- 
1 inke r  
EDMA 
EDMA 
EDMA 
EDMA 
HDMA 
HDMA 
Amount of 
Cross1 inke r  
8 w/w 
0.25 
1 .o 
6 .O 
16 .O 
1 .o 
6 .O 
G e l  F r a c t i o n  
from Swell ing 
0.94 
0.94 
0.94 
0.96 
0.90 
0.95 
CHCl3 
0.83 
0.73" 
0.91 
0.96 
0.91 
0.95 
Moles of Network Chains pe r  cc  x l o 4  
From Swel l ing  
2.21 
4.54 
9.57 
33.8 
CHCl3 
1.48 
1.77 
7.59 
26.1 
From Amount of 
C r o s  s l  i n k e r  
0.30 
1.2 
7.15 
19.2 
0.93 
5.55 
*Lot 3 was r e f l u x e d  f o r  about 24 hours i n  n-butyl  a c e t a t e ,  compared wi th  one 
hour f o r  a l l  o t h e r  samples.  
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